Introduction

55
Sperm undergoes dramatic modifications during and after spermatogenesis making it a 56 highly specialized cell type 1 , which evolved in response to natural and sexual selection to 57 maximize paternity success. The most obvious characteristic of sperm physiology is their 58 motility, but recent research has revealed that these cells are more than simple DNA 59 delivering vehicles 2 . For example, sperm can react to environmental stimuli such as pH 60 and temperature and have evolved traits to compete against rival sperm as part of 61 postcopulatory sexual selection 1 . The selective forces of natural and sexual selection 62 generated a spectacular variation in sperm form and functioning 3, 4 making sperm the 63 most diverse cell type known to date. We have ample knowledge about sperm 64 morphology and ultrastructure. However, sperm physiology and its molecular interplay 65 with male and female derived glandular secretions underlying the above-mentioned traits, 66 remain substantially understudied. 67 of Hayes solution and frozen at -80°C prior to further analyses. To identify proteins 124 present in honeybee sperm we used both gel based and non-gel based approaches as 125
follows: 126 127
Gel based analysis of the honeybee sperm proteome 128
To separate sperm proteins on 2D-PAGE gels we used a previously developed protocol 17, 129 20 . In brief 100 μl of sperm (equivalent to ~1 mg protein from ~250 drones) collected as 130 described above was acetone-precipitated, and dissolved in IEF solubilisation buffer. The 131 sample was loaded onto a 24-cm non-linear pH 3-11 IPG strip (GE) and run using the 132 following settings: 12 h at 30 V (rehydration step), 1 h at 500 V, 1 h gradient from 500 to 133 1000 V, 1 h gradient from 1000 to 3000 V, 2 h gradient from 3000 to 8000 V and 5 h at 134 8000 V. The strip was reduced and alkylated following the manufacturer instruction and 135 resolved on a 12% SDS polyacrylamide gel. Protein spots were visualized with 136
Coomassie Blue (G 250) colloidal staining. To identify proteins using tandem mass 137 spectrometry, individual spots were cut out of the gel, digested with Sequencing Grade 138
Modified Trypsin (Promega, V5111) and peptides identified on an Agilent LC/MSD Trap 139 XCT Ultra 6330 mass spectrometer coupled to an Agilent 1100 Series capillary LC 140 system. Peptides were resolved on a 0.5 x 50 mm Microsorb (Varian) C18 column eluted 141 over 15 minutes with a 5 to 60% acetonitrile gradient and 0.1% formic acid at 10 μl/min. 142
Eluents were sprayed into the mass spectrometer under positive ion mode via an ESI low-143 flow nebulizer and analyzed with the MS scan over 300 to 1400 m/z at the speed of 5500147
Non-gel based analysis of the honeybee sperm proteome 148
Protein samples were also analyzed using peptide mixture LC-MS/MS analyses. To do 149 this we used 100 µl of sperm sample that we first centrifuged at 800 xg for 1 min. The 150 pellet was re-suspended in 500 µl of digestion buffer (10 mM NH 4 HCO 3, 100 µg 151 Trypsin/ml) and incubated overnight at 37°C. This step was repeated in order to increase 152 the peptide yield. For the gel-free analysis disulfide-forming cysteine residues were 153 intentionally left unmodified to exclude highly abundant cysteine-rich protamine-like 154 proteins from subsequent experiments 23, 25 . After the second digestion, insoluble 155 components were removed by centrifugation at 20'000 xg for 5 min. The supernatant was 156 dried by vacuum centrifugation and stored at 4°C before peptide fractionation. For this, 157 the peptide pellet was suspended in SCX buffer A (10 mM KH 2 PO 4 in 25% acetonitrile, 158 pH 3.0) and bound to the column according to the manufacturer's instructions. Separation 159 of peptides into ten fractions was achieved by step-elution with 10%-100% of buffer B 160 (1M KCl in 10 mM KH 2 PO 4 and 25% acetonitrile, pH 3.0) in buffer A on a SCX column 161 (4.6mm x 50mm, Optimize Technologies, Oregon, USA). The eluent fractions were 162 desalted using C18 cartridges (Nest Group, MA, USA) and dried by vacuum 163 centrifugation. We found measurable amounts of peptides in the fractions containing 164 10%, 20%, 30% and 40% of buffer B based on the Bradford assays and pooled all 165 remaining fractions into a single fraction. All fractions were analyzed using an Agilent 166 Following an initial run in peptide mixture analysis, the resulting mzdata.xml files were 185 then searched against the honeybee proteome using Mascot 2.2. The resulting peptides 186 matching with ion scores ≥ 37 were exported along with their respective peptide charge 187 into a .csv file. This file was then used to construct an exclusion list, based on peptide 188 (m/z) and charge (z). Isolation width was set to 'medium~4 m/z' precursor type set to 189 'Exclude', retention time set to "0" and Δm/z set to '100 ppm'. This table was 
html). 228
Homology search and comparisons were conducted using BLAST 2.2.24+ release, 229 obtained from the NCBI FTP site (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+). To 230 determine homologous proteins in databases with 10'000 -100'000 sequences we used a 231 cut-off value of E ≤ 1e-11 (for functional homology) or E ≤ 1e-23 (for the more stringent 232 bioprocess homology). When using databases with 1'000 to 10'000 sequences, we used a 233 cut-off value of E ≤ 1e-12 for functional homology and E ≤ 1e-24 for bioprocess 234 homology 49 (and the statistics of sequence similarity scores in BLAST, see 235 http://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html for further details). When 236 comparing two databases against each other, the smaller database was used as the query 237 and we only used the best match reported for each query. Reactome, Drosophila-homologues for honeybee proteins were used to conduct this 258 analysis. To do this, honeybee sperm sequences were searched against Drosophila total 259 proteins (RefSeq, 22316 sequences). Resulting unique sequences with E ≤ 1e-23 were 260 filtered by removing sequences that had less than 30% relative homology length (asdefined by BLAST) of either query or hit protein lengths or their size ratios were >200% 262 or <50% (amino acid number). A similar approach was also used to obtain Drosophila-263 homologues of all honeybee proteins (RefSeq) that were then used to predict the 264 maximum number of honeybee proteins in all pathways. 265 266 267
Results
268
The honeybee sperm proteome (AmSp) 269
We identified a total of 121 honeybee sperm proteins within the gel spots cut from SDS-270 PAGE gels and 277 proteins from the gel free LC -MS/MS analysis (Supplemental 271   Table S1 and Figure S1 ). Combining the two data sets resulted in a final list of 343 272 individual sperm proteins that we refer to as the Apis mellifera sperm proteome (AmSp) 273 below. The protein sequences for 92 of the AmSp are annotated as hypothetical proteins 274 with no known function (Supplemental Table S1 ). The remaining 251 AmSp proteins 275 include 53 mitochondrial proteins and 30 cytoskeletal proteins and contain a number of 276 sperm specific proteins such as testis-specific tubulin alpha chain (RefSeq: XP|396338.2), 277 outer dense fiber protein 3 and 3B (RefSeq: XP|001123232.2 and XP_001121292.2), 278 sperm-associated antigen 6 (RefSeq: XP|394968.3), dnaJ homolog subfamily B member 279 13 (RefSeq: XP|001123348.1), and organic solute carrier partner 1 (RefSeq: 280 XP|001121796.2). We found that only 47% of the AmSp had previously been reported 281 through proteomics analysis in other honeybee tissues and only 31% had been found in 282 proteomic analysis of honeybee testes 22 . Consequently our analyses of purified honeybee 283 sperm samples provides a substantially enlarged set of proteins linked to the reproductivebiology of honeybees. 285 286
Interspecific comparisons of the AmSp 287
When we compared the AmSp with the sperm proteome of Drosophila melanogaster 288 (DmSp) and Homo sapiens (HsSp) we found functional homologues (as defined in 289
Materials and Methods) for only 49% (168/343) of these proteins within DmSp and 45% 290 (155/343) of these proteins within HsSp (Figure 1.A) . The number of AmSp without 291 homologs in the other two species is substantially larger than expected by random from 292 the total protein complement of each species. When we compared these total protein sets 293 of the three species, D. melanogaster homologs were found for 78% (8267/10618) of all 294
A. mellifera predicted proteins, and a similar number of homologs were even found for H. 295 sapiens (72% homologs (7644/10618)) (Figure 1.B) . We then divided the AmSp into two 296 groups. The AmSp group for which we found functional homologues in DmSp and HsSp 297 we termed the common protein set and the 136 AmSp without homologs in either DmSp 298 or HsSp we termed the specific protein set (Supplemental Table S2 ). Parallel with this the 299 common proteins are frequently found in other honeybee tissues (averaged 19.1 300 tissues/protein) whereas the specific ones are detectable in markedly fewer other tissues 301 (averaged 2.4 tissues/protein) (Table S2) . 302
When we conducted a biochemical pathway analysis on the entire set of honeybee sperm 303 proteins (based on the Kegg and Reactome databases as outlined in Materials and 304 Methods) we identified at least 13 pathways that were highly represented as shown in the 305 Supplemental Table S3 .A (based on a confidence level ≥ 99% and at least 4 identified 306 proteins per pathway, see Supplemental Table S3 .B for complete listing of all 3proteomes). We found that honeybee sperm contain proteins involved in energy and 308 amino acid metabolism, maintaining the cytoskeleton, protein folding and defenses 309 against oxidative stress. We also identified the number of human and fruit fly sperm 310 proteins that could also be mapped to these pathways (see Supplemental Table S3 .A). 311
Compared to these well-studied proteomes, fewer honeybee proteins mapped to these 312 pathways, likely because of the overall smaller number of proteins we identified in 313 honeybee sperm. The only exception to this was the glycine, serine and threonine 314 metabolism pathway that appears to be over-represented in honeybee sperm, relative to 315 these other species. 316
Only 10 out of 57 honeybee sperm proteins mapped to these pathways belonged to the 317 specific protein set. In order to gain more information about the nature and possible 318 function of the latter proteins we conducted a further set of analyses based on gene 319 ontology that did not rely on pre-processed mapped sequences that were required for 320 attribution of proteins to known pathways. 321 Table S4 .B, see 333
Supplemental Table S6 for statistical analyses). Similarly, analyses of the biological 334 process terms for these protein sets indicated that two classes of processes related to 335 energy usage (glycolysis, alcohol, glucose and nucleotide metabolism), and ultra-336 structure (microtubule-based process, organelle morphogenesis and organization) are 337 found more often within the common set of honeybee sperm proteins. The specific sperm 338 protein set was enriched for proteins with biological process terms for cellular 339 macromolecule biosynthetic process, and nucleic acid (especially RNA) related processes 340 (Supplemental Table S5 .B, also see Supplemental Tables S7.A 
and S7.B). Further 341
examination of the individual proteins in the latter group showed that these proteins can 342 be classified into two major sub-groups based on the predicted functions of their 343 domains. The first sub-group contained 14 proteins involved in nucleic acid protection 344 and expression, and a second sub-group of 6 proteins were involved in enzyme regulation 345 (Tables 1 and S7. 
B). 346 347
Discussion
348
Our identification of more than three hundred honeybee sperm proteins has allowed us to 349 gain new insight into the molecular machinery present in sperm and to provide a set of 350 analyses that can direct studies to define the mechanism of successful physiological 351 adaptation to long-term storage. Our comparative analysis found that a remarkably large 352 set of the proteins are highly specific to honeybee sperm. In most cases, these proteinshave not been identified previously through in-depth proteomic analysis in other tissues 354 of honeybees, including their reproductive organs, and could not readily be found to be 355 homologs of proteins in sperm of other species. We therefore provide the first empirical 356 evidence of the components in honeybee sperm that are likely to underpin its specific 357 adaptations in response to the demand to store large numbers of high quality sperm over 358 prolonged periods of time. The experimental data on the AmSp and its comparative 359 dissection provides the primary information required for future opportunities to 360 specifically study individual proteins of interest, and to unravel their effects on sperm 361 physiology and male reproductive success. 362
We found that the specific AmSp set contained honeybee sperm proteins that are 363 involved in nucleic acid interactions and enzyme regulation. Although these processes are 364 also important during mating or the early development of the zygote in all species, the 365 absence of clear homologs of the honeybee proteins in sperm of fruit flies and humans 366 suggests that these proteins are linked to the specific life history of honeybee sperm. 367
In general, sperm cells are characterised by a highly condensed nucleus and an extremely 368 reduced cytoplasm, which has led to the widespread idea that sperm is transcriptionally 369 and translationally silent. More recent studies, however, showed that mammalian 370 spermatozoa contain significant amounts of nuclear and mitochondrial mRNA 28-31 as 371 well as microRNA 32 . Both mitochondrial and nuclear genes of mature sperm cells are 372 capable of generating transcripts 33, 34 suggesting that mRNA in sperm is not a leftover of 373 cytoplasmic condensation during spermatogenesis. Furthermore, such transcripts can be 374 translated into proteins, rather unexpectedly, by mitochondrial-type ribosomes 35, 36 . 375
Finally, Liu et al. reported that sperm also contain the machinery that allows microRNAto maturate and then form the RNA-induced silencing complex, RISC, which is important 377 for gene regulation and as an antiviral response 32 . Consequently, while all sperm cells 378 seem to have some transcriptional or translational activity, its extent, biological relevance 379 and factors required for its maintenance during storage are unknown. Our identification 380 of a specific set of proteins in honeybee predicted to be involved in transcription and 381 RNA processing provide evidence of an adapted machinery for these processes that could 382 operate during storage. Further experimental work will be needed to confirm the activities 383 of these proteins and their role in honeybee sperm prior to, during and immediately after 384 storage. 385
In the specific AmSP group, a number of the proteins appear to be directly involved in 386 gene expression with four of them classified as transcription factors (TFs). These proteins 387 are expected to activate genes downstream and thereby act as initial triggers for more 388 complex physiological processes. Interestingly the presence of these transcription factors 389
and their involvement in gene regulation could explain why honeybee sperm is able to 390 survive in vitro with minimal intervention for up to nine months 37 . In this context the 391 role of the sperm transcriptome may be also relevant. A survey of mammalian sperm 392 mRNA shows that a significant portion of the mRNAs code for nuclear and membrane 393 proteins involved in signal transduction as well as apoptosis and survival processes 29 . 394
Although it was proposed that many of these mRNA are directly translated in the sperm 395 A requirement in reducing sperm senescence in long term storage is to protect the 418 spermatozoa against oxidative damage. Both antioxidative enzyme activity and reduced 419 production of reactive oxygen species (ROS) associated with reduced metabolic rates are 420 implicated in achieving this 52, 53 . We found many antioxidative enzymes and one related 421 pathway in the honeybee sperm (Tables S1 and S3 ) but failed to identify any significantdifferences between the antioxidative components of the 3 sperm proteomes. However, it 423 is conceivable that both translational/ transcriptional control and enzyme regulation 424 mechanisms are upstream elements for the control of the metabolic rate, ROS production, 425 antioxidative enzyme content, and also the DNA protective proteins reported here. A 426 protective system comprising of these elements should be able to (1.) maintain cell 427 viability while reducing its metabolic rate and thus limit the production of ROS during 428 the storage period; (2.) further protect the cellular components and its genetic load by 429 maintaining the levels of antioxidant and DNA protective elements in storage; and (3. • Table S1 : A complete list of all sperm proteins identified in honeybee sperm. 468
• • Figure S1 : The 2D PAGE used to identify honeybee sperm proteins. 487
The mass spectrometry proteomics data have been deposited to the ProteomeXchange identified in honeybee sperm proteome 668 Table 1 : Major classes identified in the specific proteins of honeybee sperm proteome. Classifications derived on protein's predicted functions are shown in the two left columns. GO terms abundantly found in the AmSp specific group are in the next five columns (see Supplemental Table S7b for further details). Protein accessions are provided in the next column. Predicted protein functions and references used to predict these functions are shown in the last two columns.
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